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A Wide Variety of Clostridium perfringens Type A Food-Borne Isolates
That Carry a Chromosomal cpe Gene Belong to One Multilocus
Sequence Typing Cluster
Yinghua Xiao,a,b,c Arjen Wagendorp,a,b Roy Moezelaar,b Tjakko Abee,b,c and Marjon H. J. Wells-Bennika,b
NIZO Food Research, Ede, The Netherlandsa; Top Institute Food and Nutrition, Wageningen, The Netherlandsb; and Wageningen University and Research Center,
Laboratory of Food Microbiology, Wageningen, The Netherlandsc
Of 98 suspected food-borne Clostridium perfringens isolates obtained from a nationwide survey by the Food and Consumer Prod-
uct Safety Authority in TheNetherlands, 59 strainswere identified asC. perfringens type A.Using PCR-based techniques, the cpe gene
encoding enterotoxinwas detected in eight isolates, showing a chromosomal location for seven isolates and a plasmid location for one
isolate. Further characterization of these strains by using (GTG)5 fingerprint repetitive sequence-basedPCRanalysis distinguishedC.
perfringens fromother sulfite-reducing clostridia but did not allow for differentiation between various types ofC. perfringens strains.
To characterize theC. perfringens strains further,multilocus sequence typing (MLST) analysis was performed on eight housekeeping
genes of both enterotoxic andnon-cpe isolates, and the datawere combinedwith a previous global survey covering strains associated
with food poisoning, gas gangrene, and isolates from food or healthy individuals. This revealed that the chromosomal cpe strains (food
strains and isolates from foodpoisoning cases) belong to a distinct cluster that is significantly distant fromall the other cpeplasmid-
carrying and cpe-negative strains. These results suggest that different groups ofC. perfringens have undergone niche specialization and
that a distinct group of food isolates has specific core genome sequences. Suchfindings have epidemiological and evolutionary signifi-
cance. Better understanding of the origin and reservoir of enterotoxicC. perfringensmay allow for improved control of this organism
in foods.
The anaerobic spore-forming bacterium Clostridium perfrin-gens can be classified into five types (A to E), based on the
production of different toxins that include alpha-, beta-, epsilon-,
and iota-toxins (major C. perfringens toxins). The different types
are associatedwith different veterinary or human diseases, includ-
ing gas gangrene (31, 39, 42). In addition, certain C. perfringens
strains are the source of the third most common food-borne ill-
ness in the United States and Europe (2–4, 32); C. perfringens
food-borne illness is caused by type A strains (producing alpha-
toxin encoded by the cpa gene, also known as phospholipase C,
encoded by the plc gene) that concomitantly produce the C. per-
fringens enterotoxin (CPE). Production and release of CPE in the
gastrointestinal tract causes diarrhea and has been associated with
spore formation and lysis of the mother cell in the gut (33).
The CPE-encoding gene cpe is located either on the chromo-
some (C-cpe) or on a plasmid (P-cpe) (14). Interestingly, the C.
perfringens strains that carry the cpe gene on the chromosome
seem to have a different specific preferred growth niche than the
strains that carry the cpe gene on a plasmid. Both vegetative cells
and spores of representative C-cpe strains showed overall higher
resistance to heat or other environmental stresses than the P-cpe
strains (15, 27, 28, 30, 43). This may result in better survival and
potential outgrowth of the C-cpe strains during food processing,
storage, and inappropriate handling by consumers, resulting in a
more frequent association with food poisoning. Strains that are
commonly found to harbor the cpe gene on a plasmid are more
prevalent in the human gastrointestinal tract (29). These strains
have been implicated in CPE-associated diarrhea in individuals
undergoing antibiotic treatment, but such P-cpe strains have also
been associated with food poisoning outbreaks (25). Recent stud-
ies suggest that food poisoning by P-cpe strains is mediated by
people carrying these strains and who handle foods or raw food
materials (18, 30, 49).
Standard methods to identify C. perfringens in foods are tradi-
tionally basedon isolationof sulfite-reducing colonies,which appear
black on iron-containing agar supplemented with cycloserine. Colo-
nies are further confirmed by nitrite reduction, lactose fermentation,
and motility assays (22, 41). The presence of the cpe gene or CPE
production by isolates is normally only carried out in diagnostic pro-
cedures of food poisoning investigations. This could also be relevant
for food isolates, considering that the cpegenewasonly carriedby1 to
5%ofC.perfringens isolates inpreviously studiedgeneralpopulations
(29, 46). Also, the current standard methods do not distinguish be-
tween the different genotypes that are typically associated with foods
orwith thehumangastrointestinal tract.Althoughthereservoir forC.
perfringens isolates that lead to food-borne illness and their entry into
the food chain are still not completely understood, progress is being
made through strain analyses and comparisons at the genomic level
(30).
The Food and Consumer Product Safety Authority in The
Netherlands (here referred to as VWA) has accumulated a collec-
tion of C. perfringens isolates from a variety of foods and raw
materials following regular inspections and investigations of con-
sumer complaints and food poisoning outbreaks, by using the
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standard methods. In this study, the presence of the cpe gene was
assessed among the identified C. perfringens strains, and these en-
terotoxic strains were further evaluated for CPE production and
sporulation ability. Moreover, (GTG)5 fingerprinting patterns of
strains in this collection were compared, andmultilocus sequence
typing (MLST) results of a selection of food-related isolates (C-
cpe, P-cpe, or cpe absent) were combined in a global survey (9, 36),
providing insight into niche specialization of C. perfringens en-
terotoxic strains.
MATERIALS AND METHODS
Bacterial strains, culturing, and sporulation. A total of 102 food-borne
isolates of C. perfringens were obtained from VWA. These strains were
isolated from various food samples during general food inspections, food
poisoning outbreaks, and customer’s complaint cases during the period
2000 to 2008. All these isolates were cultivated in brain heart infusion
(BHI) broth from cultures in sulfite cycloserine azide (SCA) tubes (10)
under anaerobic conditions and incubated at 37°C in a Simplicity 888
automatic atmosphere chamber (PLAS Labs, Lansing, MI) with an anaer-
obic gas mixture (5% CO2, 10% H2, and 85% N2). Growth, indicated by
culture turbidity and gas production, was checked after 24 h or extended
to 48 h for slow-growing strains. In total, 98 isolates were recovered.
Fifty-microliter aliquots of recovered cultures were inoculated in cooked
meat medium (BD, Sparks, MD) followed by overnight anaerobic incu-
bation at 37°C. These cultures were subsequently stored at 1°C as stocks.
Furthermore, 13 reference strains of various toxinotypes (9 type A strains
and 1 for each of types B to E) were obtained from public culture collec-
tions (see Fig. 1, below), and enterotoxic strain SM101 was kindly pro-
vided by S. B. Melville, Blacksburg, VA. Strains were cultured in the rec-
ommended tryptone-glucose-yeast extract (TGY) broth (7).
Sporulation was performed by inoculating 50 l of an overnight-in-
cubated fluid thioglycolate medium (FTM; BD, Sparks, MD) culture in 5
ml of modified Duncan-Strong (mDS) sporulating medium, with raffin-
ose was used as the carbon source instead of starch (11, 12), and incubated
for another 48 h. It is known that the ability of C. perfringens strains to
sporulate and produce CPE can depend on the sporulation medium. For
this reason, we tested the sporulation capacity of 11 different cpe-positive
strains in DS as well (with a 24-h FTM culture as inoculum). Sporulation
abilities were determined using phase-contract microscopy, and four quali-
tative levels were given according to observations of at least 10 microscopic
views (using 1,000magnification): no phase-bright spores visible (), 1 to
3 spores per view (), less than 50% spores per view (), and more than
50% spores per view ().
DNA isolation. DNA was isolated from BHI cultures of food isolates
and TGY cultures of reference strains by using a GenElute bacterial
genomic DNA kit (Sigma-Aldrich, St. Louis, MO) following the manu-
facturer’s instruction for Gram-positive bacteria. The concentration and
purity of the DNA samples were determined using a Nanodrop analyzer
(Thermo Fisher Scientific, Wilmington, DE). For a number of samples,
the DNA yield was very low, and this appeared to be due to high levels of
spores in BHI broth, which were not lysed by the DNA extractionmethod
applied. DNA of these isolates was isolated from vegetative cultures fol-
lowing a shorter incubation period of 6 h; this way, the quantity and
quality of the obtained DNA were comparable to DNA of the other iso-
lates. The DNA was stored at20°C. No DNA degradation was observed
based on 1% agarose electrophoresis (data not shown).
16S rRNA gene sequencing. The identity of the 98 recovered VWA
isolates was verified based on the sequence of C. perfringens-specific 16S
rRNA gene fragments, amplified by PCR using the primers pA and pH
(Table 1) (51). The amplicons were purified using theGFXPCRDNA and
gel band purification kit (Amersham Biosciences, Buckinghamshire,
United Kingdom). Sequencing reactions were performed using the Big-
Dye Terminator cycle sequencing kit (Applied Biosystems, Foster City,
CA), DyeEx 2.0 spin kit (Giagen, Hilden, Germany), and an ABI Prism
3100 genetic analyzer (Applied Biosystems, Foster City, CA).
PCR detection of plc, cpe, and the other genes encoding C. perfrin-
gensmajor toxins.A duplex TaqMan quantitative PCRwas performed as
described by Albini et al. (1), targeting the following two genes: plc (also
named cpa), encoding alpha-toxin, which is ubiquitously present in C.
perfringens (15, 29), and cpe, encoding CPE. Strains SM101 and ATCC
13124 were included as positive and negative controls (37). In addition,
the genes cpb, etx, and iap, encoding beta-, epsilon-, and iota-toxins, re-
spectively, were detected by using themultiplex PCRmethod described by
Baums et al. (5). The strains carrying none of these three genes were
assigned to type A (47). Strain ATCC13124 (type A), LMG10468 (type B),
NCTC3180 (type C), NCTC8346 (type D), and NCTC8084 (type E) were
used as the reference of each type.
Further characterization of enterotoxic food isolates: cpe gene con-
text, sporulation in mDS, and in vitro CPE release. Eight cpe-positive
food-borne VWA isolates plus six enterotoxic type A reference strains
(SM101, NCTC8239, NCTC10613, NCTC8679, NCTC8799, and
NCTC11144) were further characterized (boxed in Fig. 1, below). The cpe
gene context was determined using a multiple PCR method described by
Miyamoto et al. (34). Additional PCR analysis was performed to evaluate
the proximity of the cpe gene to the IS1470 element by using one primer
specific for the cpe gene (forward primer cpe4F) and the other specific for
the IS1470 element (reverse primer IS1470R1.3). All primers are listed in
Table 1. Furthermore, their ability to sporulate was determined by enu-
merating spores formed in mDS liquid medium (cultures were heated for
15min at 70°C, followed by enumeration on BHI agar plates), and in vitro
release of CPE in the supernatant was determined using the C. perfringens
enterotoxin detection by reverse passive latex agglutination kit (PET-
RPLA; Oxoid, Hampshire, United Kingdom), according to the manufac-
turer’s instructions.
(GTG)5-rep-PCR fingerprinting. A total of 67 pure VWA Clostridium
spp. food isolates identified by 16S rRNA gene sequencing were subjected to
repetitive sequence-based PCR (rep-PCR) fingerprinting with the primer
(GTG)5 (13, 50), with combinations of 14 reference strains, including 5 with
various toxin types, 6 enterotoxic type A, and an additional 3 cpe-negative
type A strains (LMG12224, NCCB47071, and NCTC8768). The PCR prod-
uctswere electrophoresed in a 1.5% (wt/vol) agarose gel (15 by 20 cm) for 9 h
at a constant voltage of 55 V in 1 TAE buffer (40 mM Tris-acetate, 1 mM
EDTA; pH 8.0) at 4°C. The rep-PCR profiles were visualized under UV light
after staining of the gel with ethidium bromide, and digital image capturing
was performed using the IMAGO compact imaging system (B&L Systems,
Maarssen, The Netherlands). The reproducibility of the (GTG)5-PCR was
verified by amplifying DNA from 12 randomly chosen strains several times
anddemonstrating consistentbandingpatterns.Thefingerprints of all strains
were analyzedusing theBioNumerics version5.10 softwarepackage (Applied
Maths, Saint-Martens-Latem, Belgium). The similarity among digitized pro-
files was calculated using the curve-based cosine coefficient, and an un-
weighted-pair groupmethod using average linkages (UPGMA) dendrogram
was derived from the profiles.
MLST of 8 cpe-positive and 8 cpe-negative C. perfringens food iso-
lates. For all eight cpe-positive strains obtained from VWA and eight
randomly selected cpe-negative C. perfringens food-borne strains, further
typing was performed by comparing sequences of eight housekeeping
genes with those present in the global MLST data set (obtained from
GenBank, accession numbers AB477535 to AB477966 [9], AB604033 to
AB604035 [36], and NC003366, CP000312, and NC008261 for com-
pletely sequenced strains strain 13, SM101, and ATCC 13124). The typing
procedure was performed as previously described by Deguchi et al. (9)
andwas based on the sequence analysis of the following genes: colA, groEL,
sod, plc, gyrB, sigK, pgk, and nadA.Data analysis was performed using the
BioNumerics program with a specific MLST plug-in (version 1.001).
Nucleotide sequence accession numbers. The annotated sequence
data obtained in this study were deposited in GenBank with accession
numbers JX307715 to JX307850. A publicly accessible C. perfringens
MLST database, including all data used in this study, is hosted at
PubMLST (http://pubmlst.org/cperfringens/) (23).
MLST Proﬁles of C. perfringens Type A Food Isolates
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RESULTS
Identification of C. perfringens food-related isolates. 16S rRNA
gene sequencing of DNA extracted from 98 recovered cultures
in BHI broth revealed unambiguous sequences for 67 strains;
59 of these strains were C. perfringens. In addition, these strains
were plc positive (plc encodes the alpha-toxin) and their
(GTG)5 patterns belonged to the same cluster. Of these 59 C.
perfringens isolates, 8 strains were found to contain the cpe gene
(Table 2), and these strains had the following origins and were
genotyped further: meat dish (VWA009), salmon (VWA012),
poultry dish (VWA085), potato dish (VWA031), soup
TABLE 1 Primers and probes used for PCR amplifications in this study
Application Primer or probe Sequence (5=–3=)a Reference
TaqMan qPCR to detect cpe CPALPHTOX1TM-L AAGAACTAGTAGCTTACATATCAACTAGTGGTG 1
CPALPHTOX1TM-R TTTCCTGGGTTGTCCATTTCC
CPALPHTOX1TM-S VIC-TTGGAATCAAAACAAAGGATGGAAAAACTCAAG-TAMRA
CPENT-L AGCTGCTGCTACAGAAAGATTAAATTT
CPENT-R TGAGTTAGAAGAACGCCAATCATATAA
CPENT-S FAM-ACTGATGCATTAAACTCAAATCCAGCT-TAMRA
16S rRNA gene sequencing pA AGAGTTTGATCCTGGCTCAG 51
pH AAGGAGGTGATCCAGCCGCA
(GTG)5 fingerprinting (GTG)5 GTGGTGGTGGTGGTG 13
cpe typing IS1470R1.3 CTTCTTGATTACAAGACTCCAGAAGAG 35
cpe4F TTAGAACAGTCCTTAGGTGATGGAG
3F GATAAAGGAGATGGTTGGATATTAGG
4R GAGTCCAAGGGTATGAGTTAGAAG
IS1470-like R1.6 CTTTGTGTACACAGCTTCGCCAATGTC
IS1151R0.8 ATCAAAATATGTTCTTAAAGTACGTTC
Toxinotyping CPA5L AGTCTACGCTTGGGATGGAA 5
CPA5R TTTCCTGGGTTGTCCATTTC
CPBL TCCTTTCTTGAGGGAGGATAAA
CPBR TGAACCTCCTATTTTGTATCCCA
CPEL GGGGAACCCTCAGTAGTTTCA
CPER ACCAGCTGGATTTGAGTTTAATG
CPETXL TGGGAACTTCGATACAAGCA
CPETXR TTAACTCATCTCCCATAACTGCAC
CPIL AAACGCATTAAAGCTCACACC
CPIR CTGCATAACCTGGAATGGCT
CPB2L CAAGCAATTGGGGGAGTTTA
CPB2R GCAGAATCAGGATTTTGACCA
MLST gyrB-F ATTGTTGATAACAGTATTGATGAAGC 11
gyrB-R ATTTCCTAATTTAGTTTTAGTTTGCC
sigK-F CAATACTTATTAGAATTAGTTGGTAG
sigK-R CTAGATACATATGATCTTGATATACC
sod-F CAAAAAAAGTCCATTAATGTATCCAG
sod-R TTATCTATTGTTATAATATTCTTCAC
groEL-F TACAAGATTTATTACCATTACTTGAG
groEL-R CATTTCTTTTTCTGGAATATCTGC
pgk-F GACTTTAACGTTCCATTAAAAGATGG
pgk-R CTAATCCCATGAATCCTTCAGCGATG
nadA-F ATTAGCACATTATTATCAAATTCCTG
nadA-R TTATATGCCTTTAATCTTAAATCCTC
colA-F ATTAGAAAGTTTATGTACAATAGGTG
colA-R2 AAGACATTCTATTATTTCTATCGTAAGC
plc-F AGGAACTCATGATTGTAACTC
plc-R GGATCATTACCCTCTGATACATCGTG
a PCR tag abbreviations: TAMRA, 6-carboxytetramethylrhodamine; FAM, 6-carboxyfluorescein. The VIC reagent is a trademarked product of Applera Corporation.
TABLE 2 Identification of enterotoxic C. perfringens in 98 recovered
cultures
Culture type
plc positive
plc
negative
cpe
positive
cpe
negative
Pure 8 51 8
Impure 0 13 18
Total 8 64 26
Xiao et al.
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(VWA019 and VWA326), and miscellaneous meat and meat
products (VWA001 and VWA300) (Fig. 1). Within these eight
strains, only VWA009 was associated with a food poisoning
case, VWA012, VWA031, and VWA300 were isolated from
complaint samples, and the rest were isolated from samples
during regular inspections. Meanwhile, another 5 isolates were
associated with food poisoning cases, but they did not carry a
cpe gene. In the 59 isolates, the other three C. perfringensmajor
toxin genes (encoding the beta-, epsilon-, and iota-toxins)
were not detected, while PCRs using template DNA from the
control strains were positive.
The 8 pure non-C. perfringens isolates were identified as Clos-
tridium baratii (3 strains), Clostridium bifermentans (4 strains),
and Clostridium sordellii (1 strain) by 16S rRNA gene sequencing.
These strains were plc and cpe negative as shown by PCR and
resulted in significantly different banding patterns in the (GTG)5
fingerprints fromC. perfringens, clearly not clustering withC. per-
fringens (Fig. 1). In addition, 31 of the 98 recovered cultures were
not pure, since 16S rRNAgene sequencing resultswere ambiguous
and it was not possible to recognize clear (GTG)5 patterns (data
not shown). Duplex quantitative PCR (qPCR) results on DNA of
these cultures revealed the presence of the plc gene in 13 of these 31
cultures, indicating thatC. perfringenswas part of amixed culture.
In these 13 cultures, the cpe gene could not be detected. The other
18 impure isolates were plc negative.
In summary, out of 98 recovered isolates, 59 cultures were pure
C. perfringens type A (including 8 cpe-positive strains), 13 cultures
containedC. perfringens (cpe negative) mixed with other strains, 8
cultures were pure strains of C. baratii, C. bifermentans, or C.
sordellii, and 18 cultures were impure without C. perfringens. The
prevalence of enterotoxic strains (8) in the pure (59) and impure
(13) C. perfringens-containing food-borne isolates in this study
was 11%.
Sporulation ability and enterotoxin release fromenterotoxic
strains. The ability of the selected C. perfringens strains to sporu-
late when incubated in mDS broth, a medium that is known to
support sporulation of C. perfringens, was poor overall but highly
variable, as some strains sporulated well. The ability to sporulate
did not correlate with the presence of the cpe gene or the source of
isolation of a strain. The non-C. perfringens food isolates showed
very high sporulation efficiencies, e.g., all four C. bifermentans
strains fully sporulated (Fig. 1).
The spore yields of cpe-positive strains VWA001, NCTC8678,
NCTC8679, NCTC8799, and NCTC10613 were 1.3 log10
CFU/ml in mDS and DS medium. For strains SM101, VWA009,
VWA085, VWA326, NCTC8239, and NCTC11144, the spore
yields were 5.8, 6.5,5.6, 2.7, 1.6, and 6.5 log10 CFU/ml, respec-
tively, in mDS, and lower in DS: 4.8, 6.4, 1.3, 1.3, 1.3, and
1.3 log10 CFU/ml, respectively. For this reason, all subsequent
sporulation experiments were performed in mDS.
For the 8 cpe-positive food isolates identified in the current
study plus the reference strains SM101 and five enterotoxic food
poisoning strains from the NCTC collection, sporulation behav-
ior and in vitro enterotoxin release were assessed in more detail.
The spore counts of these strains in mDS culture revealed a group
of strains with good sporulation (105 spores/ml), including
SM101, NCTC8239, NCTC11144, VWA009, VWA085, VWA326,
NCTC8679, VWA012, VWA019, and VWA031, and a group of
strains that sporulated poorly (10 CFU/ml), consisting of
NCTC8799, NCTC10613, VWA001, and VWA300. In vitro CPE
toxin release in the culture supernatant correlated with the ability
of strains to sporulate in the culture medium used (Fig. 1); strains
that sporulated best released the highest concentrations of entero-
toxin in themedium (“”), while in four poor spore-forming
cultures enterotoxinwas not detected in the supernatant. The cor-
relation between sporulation capacity and enterotoxin produc-
tion is in line with previous observations (30).
Genotyping of C. perfringens cpe-positive food isolates. The
presence of the cpe gene was demonstrated in 8 out of the 59 pure
C. perfringens strains based on specific TaqMan PCR (1), while the
cpe gene was not detected in the 13 impure strains. For 7 out of
these 8 strains, the cpe gene was accompanied by a downstream
IS1470 element, which is conserved for chromosomal cpe genes,
i.e., these cpe genes are located on the chromosome (34, 35). To
verify the proximity of the cpe gene to the IS1470 sequences, the
PCR experiment produced 1.3-kb fragments for these strains, as
shown in Fig. 2. In one case, namely, strain VWA012, which was
isolated from sliced salmon, the cpe gene was located on a locus
with an IS1151 sequence, identical to that in reference strain
NCTC11144. According to previous literature, the cpe genes of
these two strains could be located on plasmids (34, 35).
Based on (GTG)5-rep-PCR fingerprinting patterns of all iden-
tified C. perfringens strains, no significant correlation between cpe
occurrence and chromosomal organization was identified, and
moreover, cpe-positive strains did not form clear clusters among
cpe-negative isolates and reference strains. Furthermore, no cor-
relation was observed between toxinotypes and chromosomal or-
ganizations of the isolates and reference strains (Fig. 1).
FurtherMLST genotyping was performed to establish whether
diversity between cpe-positive strains was due to site-directedmu-
tagenesis following evolutionary adaptation to specific environ-
mental niches or due to plasmid transfer or IS element transloca-
tion, which was suggested by a recent epidemiological study of
worldwide strains (9). To this end, eight housekeeping genes were
sequenced for eight cpe-positive and eight randomly selected cpe-
negative food isolates obtained in that study, with the addition of
P-cpe strain NCTC11144. These sequences were merged with a
data set containing sequences of 62 C. perfringens strains pub-
lished previously (9, 36). The results show that six out of seven C.
perfringens food isolates with chromosomal cpe genes clustered
with all other previously analyzed food poisoning strains (group I
in the green matrix) according to the minimal spanning tree
shown in Fig. 3. The majority of C. perfringens isolates, including
P-cpe and cpe-negative strains, were typically separated from
group I and formed a much less conserved cluster, with the core
(group II in red) including the type strain of C. perfringens, ATCC
13124. Six of eight cpe-negative food isolates in the current study
were included in group II, while the other 2 cpe-negative isolates
and P-cpe VWA012 were in the surrounding range. Enterotoxic
VWA009 was positioned as an intermediate between groups I and
II. Six food isolates from Japan (M01 to -08, excluding M-04 and
-05)were close to each other and clustered as group III (in yellow).
DISCUSSION
According to a recent estimation by Scallan et al. (44), 10% of
food-borne illnesses in the United States (about 1.0 million cases
per year) are caused by the pathogen C. perfringens. In The Neth-
erlands, the estimated number of cases is approximately 160,000
(16, 52). Only a fraction of C. perfringens food-borne isolates an-
alyzed in this study contained the enterotoxin-encoding gene cpe
MLST Proﬁles of C. perfringens Type A Food Isolates
October 2012 Volume 78 Number 19 aem.asm.org 7063
 o
n
 January 8, 2013 by W
ageningen UR Library
http://aem
.asm
.org/
D
ow
nloaded from
 
Species
starchy food,2005
chicken sauce,2003
7064 aem.asm.org Applied and Environmental Microbiology
 o
n
 January 8, 2013 by W
ageningen UR Library
http://aem
.asm
.org/
D
ow
nloaded from
 
and thus could potentially lead to C. perfringens food poisoning.
The prevalence of cpe-positive strains in this study was slightly
higher than previously reported incidences ranging from 1 to 5%,
which included nonenterotoxic veterinary isolates from animals
(except for a few type C and E strains) and clinical gas gangrene
isolates (29, 30, 45). A prevalence of cpe-positive strains of 11% of
the isolates is closer to recent results of a simultaneous study in
The Netherlands, in which 15.6% of all identified food-borne iso-
lates were cpe positive (52).
Our results show that CPE production by cpe-positive strains
correlated with the ability of strains to sporulate, which is in line
with earlier findings with C. perfringens strains, including clinical
isolates (30). Recent evidence that mechanistically linked sporu-
lation to cpe production was presented in a study by Huang et al.,
who showed that disruption of the gene spo0A, encoding the cen-
tral sporulation transcription factor, resulted in the inability of
cells to produce spores or enterotoxin in strain SM101 (21). Fur-
thermore, sporulation-specific sigma factors SigE and SigK also
play an important role in controlling CPE synthesis (17). Since a
significant proportion of the cpe-positive strains did not sporulate
well under laboratory conditions, as also observed in our study,
this phenomenon may have implications for application of CPE-
targeted immunological assays (e.g., PET-RPLAor enzyme-linked
immunosorbent assays) to identify enterotoxic C. perfringens iso-
lated from food samples, even though these assays have been
proven functional to detect CPE in feces samples from food poi-
soning patients. This potential disagreement between clinical ev-
idence and origin isolation may lead to conflicting diagnostic re-
sults and difficulty in determining an association. Meanwhile, the
ability of C. perfringens to sporulate and thus produce CPE toxin
strongly depends on a range of factors, including strain-specific
properties, inoculation ratio, incubation temperature, and envi-
ronmental factors (9, 26). cpe-positive strains that show a negative
result in the toxin assay may well be able to produce CPE in the
gastrointestinal tract and lead to food poisoning. Therefore, mo-
lecular detection of the cpe gene is a more reliable way to identify
(potential) food poisoning strains, especially since factors sup-
porting efficient sporulation of C. perfringens are not fully under-
stood and universal in vitro sporulation conditions remain to be
defined (30). In this study, classical culturing and confirmation
methods for C. perfringens gave false-positive results in approxi-
mately 30% of cases, while only approximately 11% of identified
C. perfringens isolates were able to produce enterotoxin. Clearly,
there is a need for specific culturing methods for C. perfringens
strains that can cause food poisoning.
A simple oligonucleotide repeat, (GTG)5, can be used to rap-
idly classify or accurately genotype species from various genera,
including nontuberculous Mycobacterium spp. (8), Enterococcus
spp. (48), and Lactobacillus spp. isolates (13). In this study, C.
perfringens strains could be distinguished from other closely re-
lated sulfite-reducing Clostridium spp. by using (GTG)5 finger-
printing. However, relatively low discriminationwas observed be-
tween different C. perfringens strains using (GTG)5-rep typing;
food isolates, reference strains carrying cpe, or strains belonging to
different toxin types did not show distinct profiles, even though
analysis of the available C. perfringens genome sequences showed
diverse GC contents, chromosomal sizes, and organizations for
different C. perfringens strains (37, 53). This technique therefore
does not seem suitable for clustering C. perfringens strains.
Therefore, another more discriminative typing approach, us-
ing MLST, was used to investigate strain diversity in specific
niches. MLST allowed for a detailed classification ofC. perfringens
strains. This technique is powerful for comparison of strains when
sufficiently large databases of sequences of housekeeping genes are
available. MLST profiles have been established for veterinary iso-
lates of C. perfringens isolates with various sets of housekeeping
genes and primers; these data are publicly accessible (6, 19, 24, 38).
More recently, Deguchi et al. set up anMLST scheme to clusterC.
perfringens strains associated with food poisoning, gas gangrene,
and isolates from food or healthy individuals (9). In the current
FIG 1 Clustering of (GTG)5-rep patterns of identified pureClostridium spp. food-borne isolates in this study with reference strains (types A to E). The resulting
fingerprints were analyzed using the BioNumerics version 5.10 software package. The left dendrogram shows the similarity among (GTG)5-rep patterns of test
strains/isolates (curve-based cosine coefficient). The cpe-positive food isolates and reference strains are boxed. *, sporulation ability in mDS sporulating culture
was estimated using phase-contrast microscopy (magnification,1,000), and four levels of spore production were defined: no phase-bright spores/view (), 1
to 3 spores/view (), less than 50% spores (),more than 50% spores formed (). Spore counts (sporea/ml) of cpe-positiveC. perfringens strains are noted
in brackets. The details are described in Materials and Methods. **, cpe types were determined using a multiplex PCR genotyping assay. Strains VWA012 and
NCTC11144 could carry the IS1151-cpe gene on the plasmid. ***, a PET-RPLA kit was used to detect in vitro enterotoxin release in mDS sporulating cultures of
cpe-positive strains. The results were interpreted following the instructions supplied by the manufacturer.
FIG 2 PCR results from the evaluation of the proximity of the cpe gene to the IS1470 elements for the studied enterotoxic strains, using one primer specific for
the cpe gene (forward primer cpe4F) and the other specific for the IS1470 element (reverse primer IS1470R1.3). For all IS1470-cpe-type strains, a 1.3-kb product
was found, and no product was amplified for two IS1151-type strains (VWA012 andNCTC11144), indicating that the fragment size between the cpe gene and the
IS1470 element is 1.3 kb.
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study, we applied this method for the 8 cpe-positive and on 8
cpe-negative C. perfringens food isolates, and a P-cpe reference
strain, NCTC11144, and then interpreted our data based on the
existing data set, which so far covers 62 strains (9, 36). The original
clustering was based on similarities of the concatenated se-
quences, which was improved in this study by applying BioNu-
merics and its MLST plug-in (40). The genetic type assignment
and sequence similarity comparison were performed based on an
individual housekeeping gene (locus); then, the entries were clus-
tered by normalized locus types.
The enterotoxic strains carrying the cpe gene on the chromo-
some in this study belong to group I (Fig. 3) and correspond with
cluster I strains, as described by Deguchi et al. (9), with all strains
sharing a distinct genetic background. These strains are typically
associated with food-borne gastrointestinal infections (9), and
their occurrence may be associated with certain phenotypic prop-
erties that favor their persistence in a food-poisoning infectious
life cycle; these properties include different environmental niches,
e.g., the human gut (sporulation and enterotoxin release), soil
(dormant spores in an aerobic atmosphere), and food (survival of
more heat-resistant spores following heat treatments).
The distinctions between members of group I and those of
groups II and III are significant. Interestingly, strain VWA009 is
an intermediate strain between group I and groups II/III. Mem-
bers of groups II and III are more closely related, and as the iden-
tified group IIImembers were all from Japan, geographic isolation
might explain this difference (Fig. 3). The minimal spanning tree
(Fig. 3) included the previously described clusters III to XII de-
scribed by Deguchi et al. (9), and based on this analysis of the
strains belonging to clusters III to XII could have effectively
merged in a general group II. The presence of the plasmid cpe gene
does not correlate with a specific genetic background, which is in
support of horizontal transfer of cpe genes among cpe-negative
and P-cpe C. perfringens strains.
Further studies of these isolates would allow a better under-
standing of the evolutionary separation between these three
groups of C. perfringens. Even thoughMLST allows a high level of
resolution among various C. perfringens strains, this analysis
method is not very suitable for routine analyses due to the rela-
tively high costs associated with PCR amplification and sequence
analysis of eight housekeeping genes of individual strains.
Spices and herbs are considered an important source of C.
perfringens in the food industry (EU regulation EC 2052/2007).
Spices/herbs and prepared foods are the twomain food commod-
ities inwhich the presence ofC. perfringens is routinelymonitored,
and inC. perfringens food-borne outbreaks such products are ten-
tatively implicated. In a recent survey of 8,495 food samples by
VWA, 92%of investigated samples were categorized into different
FIG 3 Minimal spanning tree fromMLST analysis of 17C. perfringens strains in this study, combined with results of a worldwide survey, revealing three clusters
correlating to environmental niches. The seven chromosomal cpe food isolates are clustered with all recorded food poisoning strains (group I, light green); P-cpe,
gas gangrene, and healthy human isolates are clustered in group II (red); group III (yellow) mainly contains non-cpe food isolates. The tree was constructed by
using BioNumerics version 5.10 (Applied Maths, Sint-Martens-Latem, Belgium) with allowed hypothetical types and a categorical coefficient. The sizes of the
nodes indicate the numbers of strains sharing the sameMLST, and the node colors show C-cpe type A in red, P-cpe type A in dark green, non-cpe type A in blue,
and other types in white. The clusters were created for at least three types within 5 changes of neighbor distances.
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food origins, including herbs and spices and prepared foods (52).
Strikingly, in the current study, all 7 C-cpe strains were isolated
from prepared or handled foods and clustered in group I. The
reason that only C-cpe strains were found in this product group in
our study is not entirely clear. It could have been due to the rela-
tively high heat resistance levels of strains belonging to group I
(20), which survive during food processing, and/or due to out-
growth of other species that compete with C. perfringens during
enrichment and subsequent culturing steps. No cpe-positive
strains were originally isolated from spices/herbs, which is in
agreement with an RIVM study that showed that the prevalence of
cpe-positive isolates in prepared foods was much higher than in
spices/herbs (23% versus 4.5%, respectively) (52). Following this
observation, we isolated an additional 22 C. perfringens strains
from spices and herbs in 2010; these were also found to be cpe
negative (data not shown). Our study lends support to a recent
study by Lindstrom et al. (30), who indicated that operators or
processing environments might be important reservoirs for food
poisoning C. perfringens strains instead of ubiquitous contamina-
tion, as has been presumed so far.
In conclusion, this study shows that the currently used isola-
tion and confirmation method for C. perfringens may lead to a
number of false-positive results (in the current study, the rate was
approximately 30% of cases). Meanwhile, in only about 10% of
identified C. perfringens isolates was the cpe gene that encodes the
enterotoxin causing food poisoning present.We found that awide
variety of C. perfringens type A food-borne isolates that carry a
chromosomal cpe gene belong to one particular MLST cluster.
There is a need to better understand the origin and reservoir of C.
perfringens cpe-positive strains, allowing for better control of this
organism in foods.
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